To investigate the biofilm-forming capacity of Fusarium solani, Cladosporium sphaerospermum, and Acremonium implicatum, and the activities of antifungal agents against the three keratitis-associated fungi.
F
ungal keratitis is one of the most important causes of ocular morbidity and visual loss in developing nations, where it may account for nearly half of corneal ulcers. 1 Fusarium and Aspergillus are the most common cause of fungal keratitis, followed by dematiaceous fungi. [1] [2] [3] In natural environments, fungal species are able to shift between a planktonic and a biofilm state. The biofilm is a hyphal network embedded in an extracellular matrix (ECM) and is resistant to the effects of antifungal drugs. 4, 5 Biofilms are considered as the most important developmental characteristics in infectious keratitis. 6, 7 Fungal biofilms have been found within corneas in cases of infectious crystalline keratopathy. 8 Fusarium keratitis clinical isolates can form biofilms on soft contact lenses, and the biofilms induce fungal keratitis on injured corneas of mice. [9] [10] [11] [12] Moreover, clinical isolates of Candida and Aspergillus have been shown to grow and form biofilms. 13, 14 No study has analyzed whether Cladosporium sphaerospermum (a dematiaceous fungus) and Acremonium implicatum can grow and form biofilms, however.
In the current study, we used three fungal strains, Fusarium solani, C. sphaerospermum, and Acremonium implicatum, isolated from patients with keratitis to compare the differences in their capabilities of biofilm formation, and to determine their antifungal susceptibility during different phases of growth and development of biofilm.
MATERIALS AND METHODS

Fungal Strains and Growth Conditions
F. solani, C. sphaerospermum, and A. implicatum were isolated from patients with fungal keratitis not associated with contact lens use at the Beijing Institute of Ophthalmology, Beijing, China, and were characterized using DNA sequence data. Fungal isolates were grown at 308C for 7 days on potato dextrose agar. Then conidia were harvested, washed with PBS, and standardized to 1 3 10 6 conidia/mL for biofilm formation experiments.
Biofilm Formation
To evaluate biofilm formation by F. solani, C. sphaerospermum, and A. implicatum, coverslips were washed with PBS, placed in 24-well tissue culture plates with 2 mL standardized cell suspension, and incubated for selected time periods (0, 8, 16, 24, and 48 hours) at 378C.
Confocal Scanning Laser Microscopy
The architecture of biofilms was analyzed using confocal scanning laser microscopy (CSLM) following a previous report. 10 Biofilms were allowed to form as described previously. After incubation at 378C for various time periods (0, 8, 16, 24 , and 48 hours), the coverslips were incubated for 30 minutes at 378C in 2 mL of fluorescent stains FUN-1 (10 lM; Invitrogen, Carlsbad, CA) and concanavalin A Alexa Fluor 488 (ConA, 100 lg/mL; Invitrogen). FUN-1 (excitation wavelength, 559 nm; emission, 591 nm; Invitrogen) was converted to red fluorescent intravacuolar structures by metabolically active cells, whereas ConA (excitation wavelength, 488 nm; emission, 519 nm) bound to a-mannopyranosyl and a-glucopyranosyl residues and emitted green fluorescence. Yellow areas represented dual staining. Stained biofilms were observed by using the Olympus FluoView FV1000 confocal laser scanning microscope (Olympus, Tokyo, Japan). To determine the depth of the biofilms and overall physical ultrastructure, sections of the xy plane were taken at 2-lm intervals along the z-axis. 15 The images were captured and processed for display using FV10-ASW 2.0 software (Olympus).
Scanning Electron Microscopy
For scanning electron microscopy analysis, biofilms were allowed to form as described previously. After incubation at 378C for 48 hours, the coverslips were washed with PBS and then fixed with a mixture of 2% paraformaldehyde and 2.5% glutaraldehyde solution. After the sample was post-fixed in 1% osmic acid, it was treated in a graded ethanol series and isoamyl acetate and dried with hexamethyldisilazane. The samples were observed under a Hitachi TM1000 Tabletop scanning electron microscope after having been coated with gold using a Hitachi E-1010 sputter coater (Hitachi, Tokyo, Japan).
Antifungal Susceptibility Testing of Planktonic Cells
The minimum inhibitory concentrations of planktonic cells (PMIC) were tested with amphotericin B (AMB), voriconazole (VRC), itraconazole (ITC), fluconazole (FLU), terbinafine (TRB), and natamycin (NAT) by following the Clinical Laboratory Standards Institute (CLSI) M38-A broth microdilution method. 16 The concentrations used for the antifungal drugs were as follows (in mg/L): AMB 0.015 to 16, VRC 0.015 to 16, ITC 0.015 to 16, FLU 0.06 to 64, TRB 0.008 to 8, and NAT 0.012 to 128.
Antifungal Susceptibility Testing of Fungal Biofilm
Susceptibility of fungal biofilms to different antifungal drugs was evaluated using 2,3-bis-[2-methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide (XTT) reduction assay following the previous report. 17 Briefly, conidial suspensions were incubated over selected time points (8, 16, 24 , and 48 hours) at 358C in flat-bottomed 96-well microtiter plates. After incubation, biofilms were washed twice with PBS to remove nonadherent cells. Then biofilms were exposed to each tested antifungal agent (0.125-256 mg/L) for a further 48 hours at 358C. A series of antifungal agent-free wells and biofilm-free wells were included to serve as positive and negative controls, respectively. Following challenge, the antifungal drugs were removed and the antifungal activity was quantified by XTT reduction assay. Biofilm minimum inhibitory concentrations (BMICs) were determined as 50% reduction in metabolic activity compared with the drug-free control.
Statistics
Statistical analysis was performed by using one-way ANOVA. A P value less than or equal to 0.05 was considered statistically significant. (Fig. 1B) . Microcolonies were seen after 16 hours of growth (Fig. 1C ) and biofilms were formed after 24 hours of incubation (Fig. 1D) . During the maturation phase (24-48 hours), surface colonization occurred gradually (Fig. 1E) . A. implicatum and C. sphaerospermum germ tubes were seen after 16 hours of growth (Figs. 1H, 1M ). Microcolonies were seen after 24 hours growth (Figs. 1I, 1N ). Mature biofilms were formed after 48 hours of incubation (Figs. 1J, 1O ).
For CSLM examination of a 48-hour-old F. solani, C. sphaerospermum, and A. implicatum biofilm, a combination of the fluorescent dyes FUN-1 and ConA was used. Threedimensional (3-D) reconstructed images were used to determine biofilm architecture and thickness (Fig. 2) . Mature biofilm consisted of a highly organized structure, displaying channels between groups of hyphae. It revealed internal regions of a dense network of hyphae completely encased within a surrounding ECM. Figure 2M shows the thickness of biofilm from F. solani, A. implicatum, and C. sphaerospermum after growth for 48 hours. The thickness of F. solani, A. implicatum, and C. sphaerospermum biofilm reached 30 lm (62 lm), 20 lm (63 lm), and 25 lm (65 lm), respectively; however, there was no significant difference in the thicknesses of biofilms among the three fungal species.
Scanning Electron Microscopy. Scanning electron microscopy was used to study the architecture of biofilms formed by F. solani, A. implicatum, and C. sphaerospermum after 48 hours of incubation (Fig. 3) . In fungal biofilm, the surface displayed a highly coordinated network of hyphal structures that crossed each other. The ECM was observable between hyphae, where it apparently glued together the hyphal threads of the network. Channels were observed by scanning electron microscopy.
The scanning electron microscopy images in Figure 3 illustrate the different architecture of biofilms formed by F. solani, C. sphaerospermum, and A. implicatum. For example, F. solani biofilm was a mix of hyphae and a little ECM, which was patchily distributed (Fig. 3A) . Moreover, A. implicatum biofilm was rich in hyphae running in every direction and an abundant ECM, which was evenly distributed (Fig. 3B) , whereas biofilm formed by C. sphaerospermum consisted of hyphae that grew vertically to the surface of the colony and was minimally detectable ECM (Fig. 3C) .
Susceptibility of Planktonic Cells and Fungal Biofilm to Antifungal Drugs
The Table summarizes the results from susceptibility testing of planktonic cells and fungal biofilm. AMB, ITC, and TRB were the most active agents against planktonic F. solani, C. sphaerospermum, and A. implicatum cells, respectively. As the development of biofilm, all of the antifungal agents tested showed decreased activity. Against 48-hour growth, NAT, AMB, and NAT were the most effective agents against F. solani, C. sphaerospermum, and A. implicatum biofilm, respectively.
TABLE. In Vitro Activities of Antifungal Agents Against Different Fungi under Planktonic or Biofilm Growth Conditions
DISCUSSION
In this study, we demonstrated that corneal isolates of F. solani, C. sphaerospermum, and A. implicatum can form biofilms protected from antifungal drugs through time-dependent phases in vitro. To our knowledge, this is the first study to investigate the growth characteristics of C. sphaerospermum and A. implicatum biofilms, and to examine four distinct developmental phases of the biofilms in relation to antifungal susceptibility.
Our results demonstrated that F. solani, C. sphaerospermum, and A. implicatum can produce biofilms through four basic time-dependent phases, including conidial adhesion, germling formation, microcolony formation, and biofilm maturation. It was consistent with those of other authors reporting on Aspergillus biofilms. 13 It was observed that ECM was composed of galactomannan; a-1,3-glucans; monosaccharides; and polyols, melanin, and proteins. 18, 19 In mature biofilms, crossing hyphae were glued by ECM, which was produced between the hyphae and surrounded them, and mature biofilms displayed water channel architecture that might represent an optimal arrangement for the influx of nutrients and disposal of waste products. 15 It was consistent with those of other authors reporting on Fusarium biofilms formed on contact lenses. 10 Moreover, the growth patterns of biofilms formed by the fungi were different. We observed that C. sphaerospermum took a long time to form a biofilm. Biofilms formed by C. sphaerospermum were tightly attached to the surfaces of coverslips and not easily detached (data not shown), and its related mechanisms needed further investigation, which might therefore explain why the presentation of dematiaceous fungal keratitis represented a slowly progressive disease. 20 However, purposely designed experiments will be needed to further demonstrate this.
Fungal biofilms were more resistant to antimicrobial agents than planktonic cells. Four distinct growth phases in relation to antifungal susceptibility were examined. Our results demonstrated that all three strains became increasingly resistant to antifungal agents throughout morphological differentiation, which was consistent with the report by Imamura et al., 10 showing that Fusarium biofilms exhibited reduced susceptibility to lens care solutions in a time-dependent manner. Moreover, our results showed that the mature biofilms were intrinsically resistant to the azole antifungal drugs (FLU, VRC, and ITC). Multiple mechanisms have been proposed for the increased resistance of biofilms to antifungal agents. Our results indicate that ECM increased and a network of hyphal structures formed throughout the incubation time. The architecture of biofilms and the presence of ECM might reduce the diffusion of antifungal drugs, and they may be responsible for the increased resistance of biofilms to antifungal agents. 5, 13 Moreover, differentially expressed genes might also increase resistance of biofilms to antifungal agents. Mukherjee et al. 17, 21 demonstrated that efflux pumps had a critical role in FLU resistance in Candida biofilms, and speculated that the resistance of Fusarium biofilms to VRC might be due partly to upregulation of efflux pumps. Rajendran et al. 22 also reported that efflux pumps contributed to azole resistance in Aspergillus biofilm; however, the genes contributing to the resistance of F. solani, C. sphaerospermum, and A. implicatum biofilms to antifungal agents have yet to be determined, and purposely designed experiments will be needed to further demonstrate this point. Therefore, higher doses and early antifungal therapy should be considered for a better penetration of the drugs to the fungi.
The activity of antifungal drugs to different fungal biofilms was different. This study demonstrated that AMB had a wide spectrum of activity against various morphological forms of F. solani biofilm, which was consistent with our previous report and the observations of Sengupta et al. 12, 23 However, NAT was the most effective against 48-hour growth, which was consistent with the observations of Mukherjee et al. 17 Consistent with a previous report, 24 TRB was the most active agent against planktonic A. implicatum cells; however, as in the development of biofilm, the activity of TRB was markedly reduced, and NAT was the most effective against 48-hour growth. Moreover, ITC was the most active agent against planktonic C. sphaerospermum cells. As in the development of biofilm, the activity of ITC was reduced, and AMB was the most effective against mature biofilm. The ECM and hyphal structures of the three fungal biofilms were different from each other. The finding that fungal isolates varied in their ability to form biofilms and antifungal drugs exhibited varying activity against fungal biofilms was similar to a previous report. Mukherjee et al. 17 characterized the biofilms formed by F. solani and Fusarium oxysporum, and reported speciesdependent antifungal susceptibilities of these two species. We presumed that different antifungal susceptibility of F. solani, C. sphaerospermum, and A. implicatum biofilm might be due to the strains. Therefore, it was necessary to adjust treatment according to fungal strains and fungal biofilm growth phases.
In conclusion, F. solani, C. sphaerospermum, and A. implicatum can produce biofilms that were resistant to antifungal agents in vitro. Future studies are needed to demonstrate the potential impact of fungus biofilm on fungal keratitis.
